Intraocular pressure (IOP) is the key indicator to assess the risk for and status of glaucoma patients, and medication at high IOP values slows down exacerbation of glaucoma. However, the IOP value is subject to circadian variation and cannot be measured continuously in clinical practice. Herein, we have fabricated a contact lens with a Wheatstone bridge circuit for non-invasive monitoring of IOP. A metal electrode has been used as a strain gauge to measure the weak deformation of the eyeball caused by IOP variation. Tests on a model eye indicate that the contact lens exhibits a high sensitivity of 20 mV mmHg À1 and excellent dynamic cycling performance at different speeds of IOP variation. These results demonstrate that the contact lens sensor is promising for continuous IOP monitoring of glaucoma disease, regardless of the posture and activities of the patient.
Introduction
At present, more than 65 million people around the world suffer from glaucoma, and this gure is expected to increase to 80 million by 2020, making glaucoma the second most common cause of visual eld loss and even blindness among human eye diseases. [1] [2] [3] Although there is no cure for glaucoma yet, but medication at an early stage to reduce IOP can effectively slow down the deterioration of vision or partially recover sight in severe cases. The uctuation of IOP value is the most important indicator to assess the risk for patients with glaucoma. 4, 5 In general, normal IOP ranges from 10 to 21 mmHg with an average of 15.3 mmHg. 6 High IOP and wide diurnal IOP variation are the primary risk factors for glaucoma pejoration. Uninterrupted measurement demonstrates that IOP is subject to time-dependent circadian variation. Healthy eyes show around a 6 mmHg uctuation in IOP over a period of 24 hours, while this uctuation is much higher for glaucoma eyes. 7 Hughes et al. have reported that 24 hour IOP monitoring is useful in facilitating early detection of glaucoma in almost 80% of clinic patients. 8 To prevent glaucoma pejoration, therefore, it is necessary to continuously monitor IOP variation.
Currently, in the hospital setting the normative IOP measuring instrument is the Goldmann applanation tonometer, which needs local anesthesia for the pressing of the tip onto the cornea surface. However, it cannot achieve continuous IOP monitoring owing to the requirements for precise measurements and expert operation. Therefore, it is urgent to develop simple, low-cost and continuous IOP monitoring techniques, especially wearable sensors. So far, several methods based on the working principles of hydrodynamics, 9 capacitive and inductive reactance, [10] [11] [12] [13] and piezo-resistive effect [14] [15] [16] [17] have been investigated to meet those new requirements. Araci et al. have developed an implantable contact lens with an airtight microuidic channel, but it is difficult to read the pressure through a hazy cornea.
9 Via a change in the distance between capacitive electrodes or the length in inductance coils, the IOP pressure can be detected and received by an external oscillator circuit. Capacitive IOP sensors with a sensitivity of 160 kHz mmHg À1 and a sensitivity of 15 kHz mmHg À1 were reported in 2009 and 2013, respectively. 10,11 However, both sensors need surgery to implant them inside the eyes. In addition, piezoresistive sensors provide promising non-invasive techniques to detect the curvature variation of the cornea. By using a conducting polymer bi-layer lm, Laukhin et al. have fabricated a strain sensor over the whole area of a contact lens with good linearity and reproducibility but a low sensitivity of 1.5 U mmHg À1 .
14 Renaud and co-workers have fabricated an IOP contact lens with a sensitivity of 8.37 mV mmHg À1 . 16 However, the use of nontransparent materials (polycarbonate and polyimide) in these contact lenses would greatly inuence the visual eld during long-term IOP monitoring. Moreover, the sensitivity and dynamic response of the output in response to the IOP variation need to be improved for potential practical application.
In this work our effort was to develop a non-invasive contact lens with high sensitivity, transmittance and linearity for 24 hour IOP monitoring. A Wheatstone circuit was designed to 
Design and fabrication
Generally, an IOP change of 1 mmHg would cause a change of central corneal curvature of about 3 mm (for a corneal curvature of 7.8 mm), 18 which can induce a small expansion or constriction of the corneal perimeter. A piezo-resistive strain gauge was designed to detect the weak deformation which leads to a resistance increase or decrease. A Wheatstone bridge is adopted to measure the weak signal variation, having the advantage of high sensitivity and precision; see Fig. 1a . The bridge contains a counter pair of measuring resistances (R 2 , R 3 ) and a counter pair of xed resistances (R 1 , R 4 ). If a constant voltage is supplied to the bridge, the output voltage V t can be expressed by the following equation:
where V 0 is the supplied voltage, and R 1 , R 2 , R 3 and R 4 are four loading resistances. To simplify the expression, the four initial resistances can be designed to be the same value (
, namely by using the same electrode length for each. Moreover, to eliminate the effect of initial R on the output voltage and get a linear relationship between output voltage and resistance variation, a constant current is supplied to the Wheatstone bridge. As shown in Fig. 1b , for IOP variation the output voltage caused by the active gauge can be expressed by the following equation:
where DR is the variation in resistance, I 0 is the constant current supply, r is the specic resistance, Dd is the change in diameter, and W and L are the width and length of the cross-section coil which are considered as constant values under weak deformation.
The change in diameter, Dd, is determined by the pressure variation in the eyes, which relates to the physical parameter of the eyeball. 13 Note that the arc length of the contact lens remains the same for the pressure increasing and decreasing. Thus, Dd can be expressed by the equation:
where r is the initial radius of the contact lens, Dr is the radius change caused by the IOP, and a is the initial opening angle of the measuring gauge. Considering that Dr is far less than r under weak deformation, the above equation can be simplied as:
where A is a constant, equal to 2 sin(a/2)-a cos(a/2). Moreover, the IOP change generates a certain variation of corneal curvature, and thus Dr can be expressed by the following equation:
where B is a constant which is dependent on the biomechanical properties of the eyeball, and is here set to 3. By combining eqn (2) , (4) and (5), the change in eyeball pressure as a function of the change in output voltage is:
It can be seen that the output voltage displays a linear relationship with the IOP variation. Notably, micro-sized piezoresistive electrodes (W, L) and large radius (a) could contribute to high sensitivity of the IOP sensor. The designed parameters of the as-prepared sensor are shown in Table 1 . Fig. 1c shows a schematic of the designed IOP contact lens sensor. It can be seen that two electrode coils as strain gauges are set at the lens edge and two zigzag electrode elements as xed resistances are positioned along the radius orientation. Four electrode pads extend out for the power supply and output voltage detection. Moreover, the potential distribution of our designed circuit has been simulated, as shown in Fig. 1d . Under a voltage supply of 5 V for one counterpart pair of electrode pads, the voltage in each electrode of the other counterpart pair exhibits the same value of 2.5 V, indicating that four electrodes with the same length have zero contribution to the output voltage. Fig. 2 shows the fabrication process of the contact lens for IOP monitoring. Firstly, a two-inch silicon wafer (Institute of Tianjin Semiconductor) was cleaned with acetone and deionized water. Flexible and transparent PET lm (XFNANO, Materials Tech Co. Ltd) with a thickness of 50 mm was xed on the wafer. At a rotation speed of 3000 rpm, the positive photoresist (AZ 5350) was spin-coated onto the lm and prebaked at 100 C for 2 min. Then the sample was exposed under a mercury lamp (H94-17 G, Sichuan Nanguang Vacuum Technology Co., Ltd) for 90 s and developed to form the designed pattern. Aer drying using the nitrogen, an oxygen plasma system (Branson IPC 3000) was used to remove the residual photoresist for 5 min, which is benecial to the adhesion of a deposited metal layer to the PET substrate. A titanium layer with a thickness of 10 nm and a platinum layer with a thickness of 50 nm were deposited in sequence (KJCL Lab 18, Kurt Lesker). Acetone was used to li off the deposited samples and peel off the PET lm from the silicon substrate. Fig. 3a shows the microscopy image aer liing off. Two passive zigzag electrodes with width of 10 mm are observed. The as-prepared resistance of each bridge is about 12.3 kU. Aer cutting the as-prepared sensor into a circle, it was thermally molded using an aluminum model with a diameter of 10 mm at a temperature of 200 C, as shown in Fig. 3b . To get a desirable curvature, a weight of 100 g was put on the upper surface of the aluminum model. Aluminum foils attached by silver paste were used to lead out from the four contact pads. Finally, the sensor was encapsulated by a polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) layer using the prepolymer ingredient with base silicone and curing agent in a weight ratio of 10 : 1. PDMS has the advantages of high biocompatibility, exibility and transparency, 20, 21 and has found various applications in pressure sensors, 22 microuidics 23 and articial skin. 24 As shown in Fig. 3c , the as-prepared contact lens is smooth and transparent, which would be benecial for human optesthesia. The measured thickness of the eyeball sensor is about 120 mm at the edge and about 100 mm at the centre. Fig. 5 The test platform for measuring performance of the contact lens sensor on the silicone eye model. Fig. 4 The transmittance of the IOP contact lens in the visible spectrum. 
Results and discussion
To investigate its visual properties, we measured the transmittance of the as-prepared contact lens in the visible spectrum, as shown in Fig. 4 . The contact lens has a transmittance of about 70% in the wavelength range of 390-780 nm, indicating adequate visual performance for potential long-term usage. Furthermore, higher transmittance can be obtained with thinner PET substrate and PDMS packing. The real-time performance of the contact lens sensor was measured on a silicone model eye with a thickness of about 150 mm and diameter of 10 mm, which has been widely used to investigate pressure variation in electronic eyes.
25 Fig. 5 shows the home-made test system used to monitor IOP variation in the eyeball model. A syringe pump was used to inject water into the silicone eye for pressure increase and to extract water for pressure decrease. To calibrate the relationship between the output voltage and pressure variation, a standard pressure sensor (MIK-P300, Hanzhou Meacon Automation Technology, China) was used to record the pressure while water was pumped in or out. A semiconductor analyzer (Keithley 4200) was used to supply a constant current of 100 mA and to detect the output voltage signal. Fig. 6 shows the output voltages at different pressures in the silicon eyeball model. It can be seen that the output voltage is 4.34 mV for the initial pressure of 10 mmHg and shows Table 2 .
The dynamical cycling performance of contact lens in different pressure ranges was tested, as shown in Fig. 7a . It should be noted that output voltage exhibits an excellent linear response in different pressure ranges. In the range 8.7-16.3 mmHg, the voltage signal displays a variation of about 155 mV. For the measuring ranges of 8.4-24.0 and 8.7-29.9 mmHg the output voltages show variations of 307 and 402 mV, respectively. It is noted that the output voltage of the contact lens shows the same slope for pressure increase and decrease, indicating excellent recoverability. Moreover, the contact lens exhibits excellent response to different rates of pressure changes; see Fig. 7b-d . In the range 9-30 mmHg, the contact lens shows output voltage variation that follows IOP changes well. Interestingly, with increased speed of pressure change the variation of output voltage shows the decreased values of 440, 414, and 408 mV for slow, medium and fast speeds, respectively. We suppose that high speed of injection and extraction would reduce the effective response time for each cycle and contribute to the small uctuation of output signals.
To investigate the heating effect of different power supplies, we measured the temperature distribution of the contact lens, as shown in Fig. 8 . When a voltage supplied to the contact lens, the sensor shows an instant heating response. Fig. 8a-c shows the temperature distribution images at a supplied voltage of 10, 20 and 30 V, respectively. It can be seen that a highlight heating area is observed in the zigzag resistance region for all supplied voltages while no obvious heating area is observed along the active strain gauges. The measured maximum temperature values are 37. 8 
Conclusions
In conclusion, we have developed a non-invasive contact lens for IOP monitoring based on the transparent substrate PET. A Wheatstone bridge was designed to improve the detection of weak deformation of the eyeball, which is benecial for high sensitivity and precision. Via lithography and deposition processes, two active strain gauges and two passive strain gauges were fabricated. A thermal model was used to form a contact lens shape, which was then encapsulated in a biocompatible PDMS layer. In the visible spectrum the contact lens exhibits a transmittance of 70%. The calculated sensitivity of the contact lens is 20 mV mmHg À1 in the IOP range of 10-30 mmHg. Moreover, it exhibits excellent dynamic response to different speeds of IOP pressure variation. The contact lens shows promising application in continuous IOP monitoring, which would be benecial in the diagnosis and therapy of glaucoma patients.
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